Introduction
NG2 glia represent a subgroup of glial cells in the brain which express the NG2 proteoglycan. Earlier research assumed that these cells are immature astrocytes, but it is now well established that they comprise a distinct cell type. Owing to their specific functional and morphological properties, NG2 glial cells have also been termed complex cells, oligodendroglial precursor cells (OPCs), GluR cells or polydendrocytes [1] . NG2 glial cells make up approximately 5-10 % of the total cell number in the brain, and many of these cells undergo cell division throughout postnatal life. During brain development, the vast majority of white matter NG2 glia differentiate into NG2-negative oligodendrocytes and thus can be considered immature precursors. In contrast, in gray matter, many cells do not become oligodendrocytes but keep their NG2 phenotype throughout life (see article by L. Dimou and M. Wegner in this issue). Upon injury to the adult brain, NG2 glia have been observed to differentiate into oligodendrocytes or astrocytes, that is, they show properties characteristic of progenitors. However, it is unclear whether all NG2 glial cells can undergo such a type of differentiation. NG2 glia express a plethora of ion channels and plasma membrane receptors with properties similar to those found in neurons. In contrast to astrocytes, which form abundant inter-cellular networks among each other and with oligodendrocytes (so-called panglial networks), in most brain regions, NG2 glial cells lack coupling. Intriguingly, these glial cells receive direct synaptic input from GABAergic and glutamatergic neurons.
NG2 glia possess heterogeneous functional properties

Ion channels
So far, NG2 glial cells have been electrophysiologically analysed only in a few brain regions, such as the cerebellum, neocortex, hippocampus and corpus callosum. These cells possess voltage-gated Na + channels, but they cannot fire regenerative action potentials. The lack of action potentials is due to the low number of plasma membrane Na + channels and the much higher densities of voltage-gated delayed rectifier and transient K + channels because opening of the latter on depolarization produces outward currents that largely compensate the Na + inward currents. NG2 glia also express inwardly rectifying K + (Kir) channels (. Fig. 1a) . While Kir channels are instrumental in stabilizing the cells' negative resting potential, the density of the delayed rectifier K + channels (subunits Kv1.3, Kv1.5) was reported to correlate with cell division: High expression of the channels was observed in proliferating cells, and the block of Kv1.3 inhibited the transition from the G1 to the S phase of the cell cycle [2] . Analyses of mice with gene deletions, antibody staining and single-cell transcript profiles have shown that the Kir channels in NG2 glia are mainly composed of the Kir4.1 subunit, which is also abundantly expressed by astrocytes. In the hippocampus, Na + channels are downregulated during postnatal development while the density of Kir channels increases.
In addition to Na + and K + channels, different types of voltage-gated Ca 2+ channels have been described in NG2 glia, which together with transmitter receptors (see below) might be important to regulate Ca 2+ -dependent cellular processes, such as motility, proliferation or migration [3, 4] . Independent of the developmental stage, NG2 glia in gray and white matter differ with respect to their morpho logical and physiological properties. For example, compared to subcortical white matter, NG2 glial cells in the neocortex express a lower density of delayed rectifier K + channels but higher densities of Kir and Na + channels [5] . The physiological impact of this diversity is still unclear.
Transmitter receptors
NG2 glial cells possess different types of ionotropic glutamate receptors (mainly AMPA subtype), which mediate depolarization and Ca 2+ influx into the cell [1] . Significant regional differences have been reported regarding the expression strength and properties of glial AMPA receptors. For example, Ca 2+ permeability and density of the receptors in NG2 glia of the cerebellum are much higher compared with those of the hippocampus, entailing a higher efficiency of neuron-glia synaptic signaling. The question whether differences in the molecular composition of the receptors add to the observed functional heterogeneity is addressed by our research project within the framework of the DFG Priority Program 1757. We have found that hippocampal glial AMPA receptors mainly express the GluA2 subunit, which is less Ca 2+ permeable. The Na + influx through the receptors leads to a block of Kir channels and enhanced receptormediated depolarization of the postsynaptic glial membrane [1] .
NG2 glia bear GABA A receptors which also mediate depolarization of the membrane through the efflux of Cl − . This efflux is due to a relatively high intracellular Cl − concentration resulting from the absence of transporters (e.g. KCC2), which move Cl − outwardly in neurons. Combined pharmacological and transcript analyses in single cells unraveled the sub- mice. a The morphology of NG2 cells was visualized by Texas Red dextran filling during whole-cell recording. Subsequent confocal analysis and 2D maximum projection showed the extensive arborisation of their processes. Note the typical nodules appearing as dots along the fine processes (bar 10 µm). A typical current pattern is given in the middle panel. Current responses were evoked by de-and hyperpolarizing the membrane between + 20 and − 160 mV (holding potential − 80 mV, 10 mV steps, bars 1 nA, 10 ms). Post-recording immunostaining and triple fluorescence confocal analysis were applied to test for NG2 immunoreactivity. The middle panel shows three separated colour channels of one confocal plane. Texas Red dextran labelling is given in green (g), NG2 immunoreactivity in red (r) and EGFP expression in blue (b). The superimposed RGB picture (right) shows the membrane-associated distribution of the NG2 immunoreactivity of the recorded cell (yellow details). b Postsynaptic currents were recorded from an NG2 cell upon short single pulse stimulation. At least two types of presynaptic neurons, glutamatergic CA3 pyramidal neurons and GABAergic interneurons, innervate hippocampal NG2 cells. Corresponding glial postsynaptic currents can be distinguished by their current kinetics and pharmacological profiles. [1] unit composition of the glial GABA A receptors in the hippocampus and neocortex. In addition to various α and β isoforms, the cells also have the γ2 subunit, although its expression is confined to the postsynaptic membrane; on the other hand, extrasynaptic GABA A receptors lack this subunit [6] . In the neocortex, γ2 is downregulated during postnatal development and this change is accompanied by a loss of the GABAergic synaptic innervation of NG2 glia [7] .
Besides ionotropic receptors, NG2 glial cells also carry metabotropic glutamate receptors (mGluR1, mGluR5), whose activation entails Ca 2+ -induced release of intracellular Ca 2+ [3] . Other studies have reported functional expression of purinergic and nicotinic acetylcholine receptors in NG2 glia, which also mediate increase in the intracellular Ca 2+ concentration.
Synaptic signaling between neurons and NG2 glial cells
NG2 glia receive synaptic input from neurons
Over the past years, NG2 glial cells have attracted much attention for two main reasons: (i) As described earlier, these cells express a plethora of voltage-gated ion channels, and (ii) intriguingly, almost all NG2 glial cells receive synaptic input from neighboring neurons. The synaptic input is mediated through classical vesicular transmitter release at morphological contact points, similar to classical neuronneuron synapses (. Fig. 2) . The properties of postsynaptic currents in NG2 glia are also indistinguishable from those recorded in neurons (. Fig. 1b) . NG2 glial cells express a variety of neurotransmitter receptors (cf. above), but synaptic release activates virtually exclusively AMPA and GABA A receptors, as could be demonstrated by the complete block of the postsynaptic receptors with specific antagonists (. Fig. 1b) . Dwight Bergles was the first to report functional synapses on NG2 glia in the hippocampus [8] . Since then, several studies have shown that in various gray and white matter regions, for example, the neocortex, hippocampus, cerebellum, corpus callosum and optic nerve, NG2 glial cells receive glutamatergic and GABAergic synaptic inputs. Quantal synaptic currents in NG2 glia (due to exocytosis of a single transmitter-filled vesicle) have amplitudes of approximately 10 pA and very fast (millisecond range) rising and decaying phases. As in neurons, glutamatergic synaptic currents reverse direction at approximately 0 mV, while GA-BA-induced postsynaptic currents reverse at approximately − 40 mV (cf. above). Accordingly, in NG2 glia, GABA is not an inhibitory transmitter but depolarizes the cells similarly to glutamate. NG2 glial cells receive much fewer synapses than neurons, with the innervation in the cerebellum being stronger than that in the hippocampus. Glial glutamatergic synapses outnumber GABAergic synaptic inputs by approximately fivefold.
Synaptic innervation as a signal regulating glial differentiation
Increasing evidence suggests that synapses on NG2 glia might adjust the development of oligodendrocytes to neuronal activity. This idea is still speculative because convincing experimental evidence is still missing, and there are many possibilities regarding how neuronal activity might influence the differentiation of NG2 cells. However, considering the enormous biological effort needed to establish and sustain this non-conventional signal pathway between neurons and NG2 cells, it appears likely to assume a specific impact of this mechanism. Actually, (i) synapses on NG2 glial cells exist in white and gray matter throughout the life span; (ii) establishing synapses, particularly with projecting axons, requires significant transport efforts; (iii) synapses are already established shortly after birth; (iv) surprisingly, neuron-NG2 glia synapses are retained during cell division and passed on to daughter cells; (v) during differentiation into oligodendrocytes, the release machinery of NG2 cells is rapidly degraded; (vi) even adult-born NG2 glia, which upon white matter injury migrate to the lesion site and contribute to regeneration, receive synaptic input.
So far, most properties of neuron-glia communication have been determined in rodents during the first two postnatal weeks. It is possible that in the third and fourth weeks, when myelination culminates, the electrical impact of released transmitter molecules increases owing to enhanced synaptic strength. This correlation suggests that the synaptic input to NG2 glia modulates oligodendrogenesis to adjust it to the needs of the neuronal electrical circuitry.
Synaptic integration in NG2 glia
Electrical integration of synaptic depolarisation through spatial and temporal summation of postsynaptic events represents a classical mechanism of signal processing in neurons. These cells integrate the input in their dendrites and conduct the resulting signal to their axon hillock, where eventually action potentials are generated. However, NG2 glial cells lack axons and do not generate action potentials, in-Abstract Although NG2 glial cells represent a frequent glial cell type in the brain, characterized by expression of the NG2 proteoglycan, the functional impact of these cells is still enigmatic. A large proportion of NG2 glia are proliferatively active throughout life. These cells express a plethora of ion channels and transmitter receptors, which enable them to detect neuronal activity. Intriguingly, NG2 glial cells receive synaptic input from glutamatergic and GABAergic neurons. Since these postsynaptic glial currents are very small, their spatial and temporal integration might play an important role. In white matter, most NG2 glial cells differentiate into oligodendrocytes and this process might be influenced through the activity of the aforementioned neuron-glia synapses. Increasing evidence suggests that the properties of NG2 glia vary across brain regions; however, the impact of this variability is not understood yet.
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NG2 cells · Neuron-glia synapse · Synaptic integration · Glial differentiation dicating that their signal integration fundamentally differs from neurons. Despite the lack of action potentials, the fast glial Na + channels may amplify or accelerate synaptic depolarisation. It remains to be shown whether these Na + channels open rapidly enough and if their number is sufficient to amplify synaptic depolarisation. In reality, the large number of voltage-gated K + channels counteracts this depolarisation, and the net effect will depend on the activation kinetics and amplitudes of the latter.
NG2 glia possess a complex process tree with a surface area of approximately 2000 µm 2 . Assuming that the diameter of the cell body is 6-7 µm, it follows that the processes make up more than 90 % of the total cell surface and probably receive most of the synaptic input. This raises the question whether NG2 glial cell processes are competent of local synaptic integration. This has not yet been investigated. However, using a simple "ball and stick" cable model and considering that the length of NG2 glia processes is only one tenth that of typical principal neurons, we could recently show that the spatial voltage spread is similar in both cell types. [9] . Accordingly, regarding electrical compactness, NG2 glia might be considered a miniature edition of neurons and able to process the input, which could be crucial for initiating activity-dependent myelination. Within this DFG Priority program, we will investigate the role of ion channels and altered intracellular Ca 2+ concentrations and their subcellular localization in the integration of synaptic signals in NG2 glia.
Functions of NG2 glial cells and neuron-glia synapses
The consequences of receptor activation in NG2 glia through presynaptic transmitter release are largely unknown until now because the resulting depolarisations are very small (only a few millivolts in the hippocampus). However, most analyses so far were confined to the cell body and it is possible that receptor activation in the thin peripheral processes entails much stronger depolarization or intracellular Ca 2+ increase. Accordingly, it is tempting to speculate that NG2 glial cells command complex local signal integration, which allows them to respond to the specific activity patterns of single presynaptic axons. Indeed, increasing evidence suggests that these non-conventional synapses between neurons and NG2 glia encode important information for cell differentiation. It can be expected that identifying the functional role of these synapses will be crucial for our general appreciation of the enigmatic NG2 cell population within the central nervous system. . Fig. 1b) , thereby filled with biocytin, and then fixed and analysed ultrastructurally. Note the neuronal presynaptic vesicles, synaptic cleft and glial postsynaptic structure. b is an enlarged view of the boxed area; the arrow heads indicate vesicles. Scale bar: 200 nm. [3] neurons freshly isolated from the hippocampus.
